Introduction
The homeostatic balance between proliferation and apoptosis is essential for the intestinal epithelium to function as a physiological and structural barrier. Disruption of this balance leads to villus atrophy, epithelial hyperplasia, loss of normal absorptive function, and an increased risk of tumorigenesis. Evidence from a number of different animal and human studies suggests that inflammatory bowel diseases (IBDs), including ulcerative colitis and Crohn disease, are the consequence of abnormal immune responses to pathogenic or nonpathogenic organisms or other environmental stimuli that disrupt this mucosal barrier with increased epithelial apoptosis (1) . Altered local cytokine production appears to be critical for inducing pathologically increased rates of epithelial cell turnover in active inflammation (2) . Among the cytokines altered in IBD, TNF is a key mediator in the pathogenesis of a number of gastrointestinal diseases with altered mucosal repair, including NSAID enteropathy (1) , Helicobacter pylori gastritis (1), celiac disease (3), HIV enteropathy (4), graft-versus-host disease (5) , and necrotizing enterocolitis (6) .
TNF interacts with 2 receptors, TNFR1 and TNFR2, to initiate distinctive cellular responses. Pathological concentrations of TNF inhibit intestinal epithelial cell wound closure and proliferation through TNFR1 (7, 8) , whereas activation of TNFR2 by lower TNF concentrations leads to increased intestinal cell proliferation and migration (7) (8) (9) . Activation of TNFR1 or TNFR2 induces either apoptosis or cell survival, depending upon the balance between anti-and proapoptotic pathways (10, 11) . TNF-regulated antiapoptotic pathways include extracellular signal-regulated kinase (ERK)/MAPK (12) , NF-κB (12) , and Akt/protein kinase B (PKB) (13) , whereas proapoptotic TNF-initiated signals include p38 and stress-activated protein kinase (SAPK)/JNK (13) (14) (15) .
The molecular switches determining the balance between proapoptotic and antiapoptotic TNF signals are not well characterized but include Ras (16) and Raf-1 (17) . Additionally, kinase suppressor of Ras-1 (KSR1) regulates TNF-activated antiapoptotic signals in intestinal epithelial cells (12, 13, 18) . KSR1, a 97-kDa protein previously identified as a ceramide-activated prolinedirected Ser/Thr kinase (19, 20) , is highly conserved from humans to Drosophila and Caenorhabditis elegans (21, 22) . Disruption of KSR1 expression or kinase activity blocks activation of ERK1/2 MAPK, NF-κB, and Akt/PKB, increasing apoptosis in TNF-treated intestinal cells (12, 13) . KSR1 functions as both a scaffolding molecule for Raf-1/MEK/ERK and a cell type-dependent kinase for Raf-1 (18, 23, 24) . Interestingly, the KSR1-deficient mouse is grossly normal, but displays defects in ERK kinase signaling, T cell activation, skin development (25) , and Ras-dependent tumor formation (26) . We therefore hypothesized that KSR1 functions to protect intestinal epithelial cells from cytokine-induced apoptosis in vivo. To test this hypothesis, we examined the regulation of signal transduction pathways and apoptosis in intestinal mucosa of the KSR1-deficient mouse and in a mouse model of IBD.
Results

Loss of KSR1 enhances TNF-induced apoptosis in colonic epithelial cells in vivo.
We have reported that KSR1 regulates TNF-mediated colon cell survival in vitro (12, 13) . To determine whether KSR1 functions as an antiapoptotic molecule in vivo, we treated KSR1 -/mice with TNF and measured apoptosis. After a 4-hour treatment, TNF-induced colon epithelial cell apoptosis was increased up to 3-fold in the KSR1 -/mice compared with WT mice (Figure 1, A and B). Also, basal apoptosis was increased in KSR1 -/mouse colon epithelial (MCE) cells. To further characterize the apoptotic cells, we performed immunohistochemistry using anti-active caspase-3 antibody. Activated caspase-3 staining was increased in TNF-treated KSR1 -/mice within 4 hours, and was limited to the epithelial cell layer ( Figure 1C ), a pattern identical to the findings with the apoptosis assay. Immunohistochemistry and Western blot analysis showed KSR1 expression throughout the intestine and colon ( Figure 1D ), with the predominant localization in the epithelial cells ( Figure 1E ). As expected, no KSR1 was detected in the KSR1 -/mouse tissue sections. Taken together, these data indicate that TNF regulates intestinal cell fate in vivo through KSR1.
TNF activation of antiapoptotic signals requires KSR1. Because KSR1 mediates TNF-stimulated cell survival pathways in colon cell lines, we studied the in vivo role of KSR1 in these pathways. Protein activation in colon mucosal lysates was determined by Western blot analysis or immunohistochemistry. TNF stimulated activation of ERK1/2 MAPK and Akt/PKB, degradation of inhibitor of κB-α (IκBα), and NF-κB nuclear translocation in KSR1 +/+ , but not in KSR1 -/mice ( Figure 2 , A and B). TNF increased in vivo expression of the NF-κB target cIAP2 (12) in colon epithelial cells of WT mice, but not KSR1deficient mice ( Figure 2C ).
To further determine the regulatory role of KSR1 in TNF signaling, we generated conditionally immortalized MCE cell lines null for KSR1 (KSR1 -/-MCE cells). Compared with young adult mouse colon cells expressing endogenous KSR1 (12, 18, 27) , KSR1 -/-MCE cells underwent apoptosis upon TNF treatment ( Figure 3A) , and the percentage of apoptotic cells increased as the period of TNF treatment increased ( Figure 3B ). The percentage of cells undergoing apoptosis at a given time plateaued after 16 hours, primarily because of overall cell loss (shown by comparison of DAPI-positive nuclei at 24 hours in Figure 3A ). TNF failed to stimulate antiapoptotic signals, such as ERK1/2 MAPK, Akt/PKB, and IκBα degradation, in KSR1 -/-MCE cells ( Figure 3C ). Consistent with our report that KSR1 is not required for EGF activation of ERK1/2 MAPK in intestinal epithelial cells (18) , EGF initiation of ERK1/2 MAPK activation in KSR1 -/-MCE cells was similar to its action in young adult mouse KSR1 +/+ colon cells ( Figure 3C ). Next, we transiently expressed either WT or kinase inactive (KI) KSR1 in KSR1 -/-MCE cells prior to TNF treatment. Expression of WT KSR1, but not KI KSR1, restored TNF activation of ERK1/2 MAPK, Akt/PKB, and degradation of IκBα ( Figure 3D ). Interestingly, the coimmunoprecipitation assay showed that KI KSR1 and WT KSR1 interacted with similar proteins in MCE cells, including Raf-1 and MEK1/2 ( Figure 3E ). These data indicate that the KI KSR1 dominant-negative effect on Raf-1/ MEK/ERK activation in mammalian cells is likely due to disruption of kinase activity, not altered Raf-1 or MEK binding capacity. Thus, we interpret these and previous findings to support KSR1 kinase activity as a positive regulator of TNF-initiated antiapoptotic signals determining intestinal epithelial cell fate.
KSR1 is activated in inflamed colon mucosa. IL-10-deficient (IL-10 -/-) mice spontaneously develop IBD by 12 weeks of age with increased TNF and IFN-γ production early in the inflammatory process (28) . Therefore, we used this model to determine the phosphorylation and activation state of KSR1 during intestinal inflammation. The colon appeared normal in 8-week-old BALB/c IL-10 +/+ and IL-10 -/mice but showed severe inflammation in 12-week-old IL-10 -/mice ( Figure 4A ). Inflamed IL-10 -/mucosa showed increased activation of ERK1/2, p38 MAPK, Akt/PKB, and IκBα phosphorylation compared with 8-week-old IL-10 -/and BALB/c WT mice ( Figure 4B ). KSR1 and Raf-1 were recovered by immunoprecipitation from mucosal homogenates and the phosphorylation state was determined by anti-phospho-Ser and anti-phospho-Thr antibodies. KSR1 recovered from inflamed IL-10 -/colon showed increased Thr but unchanged Ser phosphorylation ( Figure 4C ). Tyrosine phosphorylation of KSR1 was not detected in inflamed or noninflamed colonic mucosa, consistent with observations in cell culture (18) (data not shown). Interestingly, Raf-1 Thr phosphorylation was increased only in inflamed IL-10 -/mucosa ( Figure 4D ). Similarly, in a 2-step in vitro kinase assay (18) , only the KSR1 from inflamed mucosa stimulated Raf-1 Thr phosphorylation and kinase activity toward MEK1 ( Figure 4E ). Because both KSR1 kinase activity and scaffolding function have been shown to be regulated by phosphorylation (19, 29, 30) , we wondered wheth-er phosphorylation is required for KSR1's kinase activity. KSR1 recovered from inflamed IL-10 -/mucosa was divided and either subjected to phosphatase treatment or not, and then tested for kinase activity toward Raf-1 in activating MEK1. Following dephosphorylation, including loss of both phospho-Thr and phospho-Ser, KSR1 was unable to stimulate Raf-1 kinase activity (Figure 4F ). These findings indicate that KSR1 Thr phosphorylation level and kinase activity are increased in inflamed mouse mucosa and that kinase activity is regulated by protein phosphorylation.
Loss of KSR1 enhances susceptibility to colon inflammation. As shown above, KSR1 kinase activity is increased during inflammation and the loss of KSR1 enhances TNF-induced apoptosis in colon epithelial cells. Because of increased TNF production during the early phase of colonic inflammation (28) , the IL-10 -/mouse is ideal to study the role of KSR1 during this process. We crossed IL-10 -/mice (expressed on a BALB/c background more than 10 generations) with KSR1 -/mice (expressed on a 129/SvEv background more than 10 generations) to test the hypothesis that colon epithelial cell apoptosis would be increased without KSR1. To control for issues of genetic background combinations, we also crossed IL-10 -/mice with 129/SvEv (KSR1 +/+ ) mice, or BALB/c (IL-10 +/+ ) mice with KSR1 -/mice to obtain the same first-generation (F1) background mice with different heterozygous null genes (IL-10 +/-KSR1 +/+ or IL-10 +/+ KSR1 +/-). Surprisingly, the resulting F1 IL-10 +/-KSR1 +/mice developed IBD by 8 weeks of age ( Figure 5 ), characterized by diarrhea and weight loss with an increased histological injury score (Table 1) . Neither F1 IL-10 +/-KSR1 +/+ nor F1 IL-10 +/+ KSR1 +/mice at the same age showed symptoms of IBD or increased injury scores. Histologically, IL-10 +/-KSR1 +/mice showed enterocyte loss, ulceration, crypt inflammation, infiltration of mononuclear and polymorphonuclear cells into lamina propria and mucosal hyperplasia ( Figure 5A ). Furthermore, apoptosis was significantly increased in IL-10 +/-KSR1 +/colon compared with either age-matched IL-10 +/-KSR1 +/+ or IL-10 +/+ KSR1 +/mice ( Figure  5, A and B) . These results indicate that KSR1 regulates both antiinflammatory and antiapoptotic signals in the mouse colon.
KSR1 is not required for TNF-regulated endothelin expression in colonic mucosa endothelial cells. Intestinal endothelial cells are a primary target in radiation-induced intestinal injury, with endothelial cell apoptosis preceding epithelial cell death (31) . Therefore, we
Figure 2
Loss of KSR1 in colon epithelium inhibits TNF-stimulated cell survival signals in vivo. KSR1 +/+ or KSR1 -/mice were injected with TNF or PBS for the indicated times. Total colon mucosal lysates were collected for Western blot analysis with anti-KSR1, anti-P-ERK1/2, anti-P-IκBα, anti-P-Akt, and anti-ERK1/2 antibodies (A). P, phosphorylation. Paraffin-embedded colon tissues were immunostained with anti-NF-κB p65 subunit (B) or cIAP2 (C), labeled with peroxidase, and visualized using DIC microscopy (magnification, ×40). Arrows indicate nuclear localization of NF-κB (B) and cIAP2-positive cells (C). Shown is 1 representative of 5 mice in each treatment group.
studied the function of KSR1 in endothelial cells in the intestinal mucosa of mice exposed to TNF. In contrast to epithelial cells (see Figure 1C ), there was no increase in endothelial cell caspase-3 activation between 1 hour and 24 hours after treatment ( Figure 6A ). Likewise, there was no increase in endothelial cell apoptosis during the first 24 hours after TNF treatment of either WT or KSR1 -/mice ( Figure 6B ). Cell culture studies indicate that NF-κB activation is a major antiapoptotic pathway regulated by KSR1 (12) , and endothelin is a target of NF-κB signaling in endothelial cells (32) . TNF stimulated NF-κB p65 subunit nuclear translocation (data not shown) and endothelin production in mucosal endothelial cells of both WT and KSR1 -/mice ( Figure 6C ). Thus, disruption of TNF-stimulated NF-κB activation in KSR1 -/mice does not extend to the intestinal endothelial cell compartment.
Discussion
A number of disorders of the gastrointestinal tract, such as IBDs, are characterized by elevated TNF production and increased apoptosis that disrupt intestinal homeostasis and the integrity of the protective epithelial monolayer. Therefore, determining the signal transduction pathways regulating intestinal epithelial response to cytokines may identify novel regulatory proteins as therapeutic targets for treatment of IBD or other TNF-mediated intestinal disorders. Our previous studies suggest that KSR1 is a regulatory protein for TNF-mediated cell survival signaling pathways (12, 13, 18) . Our aims here were to determine the in vivo role of KSR1 in cytokine-induced apoptosis and cell survival signaling in the intestinal epithelium during inflammation. Results in this paper show that in intestinal epithelial cells, KSR1 protects from cytokineinduced apoptotic injury and is required for TNF activation of cell survival signal transduction pathways, including ERK1/2 MAPK, Akt/PKB, and NF-κB. Thus, loss of KSR1 increases TNF-mediated apoptosis, which may lead to disruption of the defensive function of the epithelial monolayer and to enhanced mucosal inflammation. These studies provide unequivocal evidence that KSR1 activation exerts a protective role in colon mucosal inflammation and the first in vivo indication that mammalian KSR1 functions as a molecular cell survival switch.
KSR1 was originally identified as a ceramide-activated protein kinase prior to its discovery through loss-of-function genetic screening analyses of the biologic actions of Ras signaling pathways in C. elegans and Drosophila (19, 21, 22) . Mechanisms of KSR1 action appear to include both a scaffolding role, linking downstream targets of the Ras/Raf-1/MEK/ERK MAPK signaling cassette, and a kinase role, directly phosphorylating and activating Raf-1 in this pathway. Evidence has been presented for both functions by a number of different laboratories using different systems (18, 23, 30, (33) (34) (35) . The function of KSR1 as scaffold protein, kinase, or both appears to be cell and context dependent. For example, in intestinal epithelial cells, TNF activation of Raf-1/MEK/ERK MAPK requires KSR1 kinase activity, but EGF activation of the same pathway is KSR1 kinase-independent (ref. 18 and Figure 3A ). However, it is clear that KSR1 expression is required for activation of this signal transduction pathway in other cells and tissues (23, 36) .
Evidence from mice (25, 26) , C. elegans (21, 36, 37) , Drosophila (22, 23) , and cell culture (12, 29, 38) indicates that KSR1 functions in normal growth, development, and differentiation. Furthermore, 2 recent reports suggest that KSR1 may be necessary for Ras-mediated tumorigenesis (26, 39) . The present study provides evidence for an additional biological function of KSR1 as a molecular switch regulating the activation of cellular survival pathways. Treatment of KSR1 -/mice with TNF rapidly increases apoptosis in intestinal epithelial cells through failure to stimulate known antiapoptotic pathways, including NF-κB, Akt, and ERK1/2/MAPK (Figure 1 and Figure 2 ). The block in NF-κB activation shown in our results appears to be primarily epithelial, as TNF-induced NF-κB nuclear translocation and cIAP2 expression are lost in these cells, yet increased endothelial cell NF-κB activation and endothelin expression remain intact ( Figure 6C ).
The mechanism of NF-κB regulation by KSR1 in TNF-treated epithelium is unknown, but a recent in vivo report confirmed our observation, in cell culture studies that increased NF-κB activation is an essential cytokine-mediated intestinal cell survival response (12, 40) . Activation of MEK1 and NF-κB are regulated by different domains on Raf-1 (41), therefore it is tempting to propose that NF-κB activation is downstream of Raf-1 in intestinal epithelial cells. The observation that in vivo Akt/PKB activation by TNF requires KSR1 appears novel, although not completely unexpected, as dominant-negative KSR1 expression blocked TNF-mediated Akt/PKB activation (13) . Given the evidence that chronic inflammation enhances tumorigenesis (42) and that Raf-1 and Akt/PKB have been shown to be effective therapeutic targets in tumor models, it is attractive to speculate that inhibiting KSR1 might be a novel approach to tumor therapy by increasing susceptibility of tumor cells to cytokine-induced apoptosis.
KSR1 Thr phosphorylation state and kinase activity are increased in inflamed IL-10 -/mucosa (Figure 4) , a disease characterized by an early increase in TNF and IFN-γ (28) that is reversed by TNF ablation (43) . Neither the mechanism for increased Thr phosphorylation nor the role of phosphorylation in KSR1 kinase activity has been shown. Interestingly, TNF treatment of intestinal epithelial cells increases both Thr and Ser phosphorylation of KSR1 (18) . Twelve sites of phosphorylation on KSR1 have been reported, including Ser sites regulated by MEK1/2 and C-TAK-1 (29, 30, 44) . Dephosphorylation of Ser392 by protein phosphatase KSR1 is activated in inflamed colon mucosa. (A) H&E staining of paraffin-embedded colon tissues prepared from IL-10 +/+ (BALB/c) or IL-10 -/mice before developing overt signs of colitis (8-weekold mice) or with rectal prolapse (12-week-old mice) showing characteristic epithelial ulceration (magnification, ×20). (B) Colon mucosal lysates were prepared from the respective mice for Western blot analysis with indicated antibodies. KSR1 (C, E, and F) or Raf-1 (D) was immunoprecipitated from colon mucosal lysates using anti-KSR1 or anti-Raf-1 antibodies, respectively, and subjected to Western blot analysis to detect phosphorylation levels using anti-P-Thr or anti-P-Ser antibodies. Using a 2-stage in vitro kinase assay (E and F), immunoprecipitated KSR1 was incubated first with recombinant Raf-1, and then Raf-1 was incubated with KI MEK1 as substrate as detailed in Methods. Phosphorylation of Raf-1 or MEK1 was determined using anti-P-Thr or anti-P-MEK1/2 antibodies, respectively. Immunoprecipitated KSR1 was treated with calf intestinal alkaline phosphatase (PTase) prior to incubation with Raf-1 (F), as indicated. The results shown here are from 2 representatives of 5 mice. WBA, Western blot analysis.
PP2A is a necessary step in KSR1 membrane translocation and Raf-1 activation (45) . Our findings show that the phosphatase treatment of KSR1 endogenously phosphorylated on Thr/Ser sites ablates kinase activity ( Figure 4F ) and suggest that, similar to Raf-1, critical phosphorylation events regulate kinase function. Therefore, it will be important to determine the mechanism and role of phosphorylation on KSR1 kinase activity and to determine whether the lack of increased Ser phosphorylation during inflammation explains part of the increased apoptosis seen in epithelial cells in the IL-10 -/model of IBD.
The mechanism of increased injury and epithelial apoptosis in the KSR1 +/-IL-10 +/mouse is unclear, but suggests a gene-dosing effect. Similar gene-dosing effects have also been found in the intestinal epithelium with the heterozygous loss of TNF-converting enzyme (TACE/ADAM17) which causes reduced EGF receptor function (46) . Similarly, the decreased expression of intestinal KSR1 in the IL-10 +/background (Figure 1 and Figure 4 ) appears to exacerbate either potential cytokine or epithelial regulatory defects mediated by the partial loss of IL-10. We have previously shown that decreased levels of KSR1 generated by an antisense construct increase susceptibility to TNF-mediated apoptosis in intestinal epithelial cells (12) . However, in the current studies we did not detect functional alterations in signal transduction pathways or cellular apoptosis of KSR1 or IL-10 haploinsufficient mice. Because alterations in these or other cellular programs likely exist, further studies to understand the potential role of gene dosing in disease pathogenesis are needed. The relevance for understanding the impact of gene dosage effects is emphasized by the recent finding that heterozygous carriers of inactivating nucleotide-binding oligomerization domain-2 (NOD2) mutations are at 3-fold increased risk of developing Crohn disease (47) .
In summary, this report shows that KSR1 functions in a protective role in the intestinal epithelium exposed to TNF through regulation of antiapoptotic signal transduction pathways. Likewise, increased kinase activity of KSR1 may have a protective role in colon epithelial cells exposed to cytokines during inflammation by promoting intestinal homeostasis, as partial loss of KSR1 expression increases epithelial ulceration and apoptosis. Interestingly, Table 1 Colon injury scores for 8-week-old mice recent reports suggest this cytoprotective role may come at a cost to the organism by supporting Ras-mediated tumorigenesis (26, 39) . Since patients and mice with chronic IBDs are predisposed to epithelial cancers, the role of KSR1 in this process warrants further investigation. KSR1-deficient mice and colon cell lines will provide new insights into understanding the mechanisms of the epithelial cell responses to inflammation, injury, and repair seen in IBD. These findings also suggest a need for exploration of targeted inhibition of KSR1 to promote epithelial apoptosis in tumorigenesis.
Methods
Mice and TNF injection. All animal experiments were performed according to protocols approved by the Institutional Animal Care and Use Committee at Vanderbilt University. 129/SvEv and BALB/c background mice were obtained from Taconic Farms and Jackson Laboratories, respectively. KSR1 -/mice on a 129/SvEv background (26) were obtained from Richard Kolesnick (Memorial Sloan-Kettering Cancer Center, New York, New York, USA), and IL-10 -/mice on a BALB/c background were obtained from Donna Rennick (DNAX Research Inc.). PCR primers specific for KSR1 and IL-10 transgenes were used for genotyping (sequences available upon request). Male mice (8 weeks old or as indicated, 25-30 g) were anesthetized and then injected i.p. with TNF (10 4 U in PBS containing 2% FBS) or with PBS with 2% FBS alone in a total volume of 200 μl for the indicated times.
Cell line preparation, cell culture, and cellular transfection. The young adult mouse colon cells and derivation of conditionally immortalized transgenic cell lines using the H-2K b -tsA58 mouse (ImmortoMouse; Charles River Laboratories International Inc.) were as previously described (7, 8, 27) . Briefly, KSR1 -/mice were mated with the ImmortoMouse (8) . KSR1 -/mice carrying the heat-labile SV40 gene were sacrificed and colon epithelium was prepared to derive KSR1 -/-MCE cell lines as before (7, 8, 27) .
Cell lines were maintained in RPMI 1640 media with 5% FBS and 5 U/ml of murine IFN-γ on collagen-coated plates and grown under permissive conditions at 33°C with 5% CO2 (7) . Before all experiments, cells were transferred to 37°C (nonpermissive conditions) with 0.5% FBS, IFN-γ-free media overnight. KSR1 -/-MCE cells were transfected with pCMV-Flag-WT KSR1 or pCMV-Flag-KI KSR1 (provided by Richard Kolesnick) using LIPO-FECTAMINE reagent (Invitrogen Corp.) as previously described (18) .
Tissue and cellular lysate preparations, immunoprecipitation, and Western blot analysis. The colonic mucosa was scraped into homogenization
Figure 6
KSR1 is not required for TNF-regulated endothelin expression in intestinal mucosa. Mice were treated with TNF as in Figure 1 and paraffinembedded colon tissues were immunostained with CD31, an endothelial cell marker, active caspase-3 (A), ISOL (B), or the NF-κB-regulated endothelin (C). Positive-staining cells were labeled with peroxidase, developed with 3,3′-diaminobenzidine tetrachloride (DAB) and visualized using DIC microscopy as in Figure 1 . CD31, active caspase-3, ISOL, and endothelin immunoassay images were taken from the same areas of adjacent tissue sections. Arrowhead in A indicates active caspase-3-positive cells. Arrows in C indicate endothelin-and CD31-labeled cells. Shown is 1 representative of 5 mice for each treatment. Magnification, ×40.
buffer and cells were lysed as previously described (48) . Cellular lysates were prepared following treatment with 100 ng/ml murine TNF for 15 minutes (or as indicated) or 10 ng/ml EGF (a gift of Stanley Cohen, Vanderbilt University) for 5 minutes. Cells were treated with TNF (100 ng/ml for 15 minutes or as indicated) or EGF (10 ng/ml for 5 minutes, gift of Stanley Cohen), and then were scraped into cell lysis buffer as previously described (18) .
Immunoprecipitation of KSR1 or Raf-1 from colonic mucosa lysates was performed using monoclonal anti-KSR1 (BD Biosciences) or anti-Raf-1 antibody (Upstate USA Inc.). To detect KSR1-interacting proteins in MCE cells, Flag-tagged KSR1 was immunoprecipitated from MCE cells expressing Flag-WT KSR1, Flag-KI KSR1, or vector alone using anti-Flag M2 affinity gel (Sigma-Aldrich), and washed with 0.3 M NaCl. Flag-KSR1 and its binding proteins were eluted from the gel with 300 ng/μl of 3xFlag peptide (Sigma-Aldrich), separated on SDS-PAGE, and visualized using the Colloidal Blue staining kit from Invitrogen Corp. Western blot analysis was performed using anti-phospho-Thr anti-phospho-Ser473 Akt anti-Akt anti-phospho-Tyr180/182 p38, anti-phospho-Ser32 IκBα, anti-IκBα, anti-MEK1/2 (Cell Signaling Technology Inc.), anti-phospho-Thr183/ Tyr185 ERK1/2 MAPK (Promega Corp.), anti-phospho-Ser (P-Ser, Zymed Laboratories Inc.), anti-KSR1, and anti-Raf-1 antibodies.
Histological analysis and immunohistochemistry. Intestinal tissue was immersed in 10% neutral buffered formalin before sectioning. Paraffinembedded tissue sections were stained with H&E for light microscopic examination and scoring. Scoring was performed by a single pathologist, blinded to treatment conditions, using an injury scoring system previously described by Kennedy et al. (49) , with the total score ranging from 0 (no injury) to 15 (most severe injury).
Slides were immunostained with anti-KSR1, anti-cIAP2 (Santa Cruz Biotechnology Inc.), anti-endothelin (Chemicon International Inc.), anti-CD31 (Santa Cruz Biotechnology Inc.), or anti-active caspase-3 (BD Biosciences) antibodies using reagents provided in the VECTASTAIN ABC kit (Vector Laboratories Inc.) or the HistoMouse-SP kit (Zymed Laboratories Inc.). Slides were viewed by light or differential interference contrast (DIC) microscopy.
Apoptosis assays. Apoptosis was detected in colon tissue slides with the ApopTag In Situ Oligo Ligation (ISOL) kit (Intergen Co.) using T4 DNA ligase following the manufacturer's guidelines, or by anti-active caspase-3 staining. Apoptosis in cell lines was determined using ApopTag In Situ Apoptosis Detection kits (TUNEL method, Intergen Co.) and DAPI stain-ing. The slides were observed by DIC or fluorescence microscopy with relative apoptotic cells determined by counting apoptotic cells in at least 100 colonic glands, or by counting 500 cells in culture.
2-stage in vitro KSR1 kinase assay. We modified our 2-stage in vitro kinase assay (18) for mouse tissue samples. Immunoprecipitated KSR1 with or without dephosphorylation using 10 U calf intestinal alkaline phosphatase (CIAP, Promega Corp.) was washed with kinase buffer prior to incubation with 2 U recombinant Raf-1 (Upstate USA Inc.) in 30 μl kinase buffer with 150 μM ATP at 30°C for 30 minutes. KSR1 was precipitated by centrifugation, and then the Raf-1 remaining in the supernatant was incubated with 0.5 μg KI MEK1 (Upstate USA Inc.) in 30 μl kinase buffer with 150 μM ATP at 30°C for 30 minutes. MEK1 activation was detected by Western blot analysis with anti-phospho-Ser217/221 MEK1/2 or anti-MEK1/2 (Cell Signaling Technology Inc.) antibodies. Raf-1 kinase activity in colon mucosal homogenates was determined by incubating immunoprecipitated Raf-1 with KI MEK1 in the kinase buffer. MEK1 activation was detected as described above.
Statistical analysis. The statistical significance of the differences between mean values was determined using paired Student's t test analysis. The level of statistical significance was set at P < 0.05. The number of apoptotic cells in 100 colonic glands is presented as the mean ± SD.
